Introduction
============

Genetic factors contribute to complex human traits and diseases, but the extent of genetic influence often remains uncertain.^[@bib2]^ Addressing the 'mystery of missing heritability\', Zuk *et al.*^[@bib3]^ posit that interactions among loci (epistasis) may account at least in part for the gap between known genetic risk factors and estimated overall heritability in a population. Gene--gene and gene--environment interactions likely have a critical role, but few studies have demonstrated interacting genes that had a strong impacted on a complex trait,^[@bib4],\ [@bib5],\ [@bib6],\ [@bib7],\ [@bib8]^ or how these interactions might depend on external conditions^[@bib9],\ [@bib10]^). In *C. elegans*, genetic variation in catechol/peptide receptors and environmental cues (npr-1/tyra-3/nutrient supply) converge to regulate behavioral decisions,^[@bib11]^ suggesting an ancient evolutionary role of catecholamine signaling---a rare example of a gene--gene--environment interaction. In humans, several genes involved in behavioral modulation carry frequent variants, often regulating gene expression and mRNA processing or translation.^[@bib12],\ [@bib13]^ As these variants may be considered to reside within a normal range, they are typically not recognized as disease risk factors in GWAS analyses, but in the context of environmental challenge and epistatic interactions, may incur strong risk. Here, we tested a gene--gene--drug (environment) interaction affecting risk of cocaine-induced death, using statistical genetics methods.

Dopaminergic signaling proteins are thought to contribute strongly to drug addiction.^[@bib14],\ [@bib15]^ The dopamine transporter DAT (encoded by *SLC6A3*) regulates neurotransmission by terminating dopamine signaling at the synapse through high affinity reuptake of dopamine into presynaptic terminals. Cocaine and similar stimulant drugs inhibit dopamine reuptake by binding to and blocking DAT,^[@bib16]^ elevating synaptic dopamine levels---contributing to the 'high\' experienced upon cocaine ingestion. Similarly critical in dopaminergic signaling, the dopamine D2 receptor (encoded by *DRD2*)^[@bib17]^ occurs in two main splice variants, a short form lacking exon6 (D2S) and a long form including exon6 (D2L).^[@bib18],\ [@bib19]^ Unlike D2L, D2S is largely expressed presynaptically and is considered an autoreceptor that inhibits dopamine release upon activation. Importantly, D2S and DAT proteins physically interact with each other, with D2S facilitating DAT localization to the presynaptic membrane, augmenting dopamine reuptake.^[@bib20],\ [@bib21],\ [@bib22],\ [@bib23]^

*DAT* and *DRD2* are obvious candidate genes associated with cognitive processes and mental disorders, including drug addiction,^[@bib1],\ [@bib4],\ [@bib24],\ [@bib25],\ [@bib26],\ [@bib27],\ [@bib28],\ [@bib29],\ [@bib30],\ [@bib31],\ [@bib32],\ [@bib33],\ [@bib34]^ but statistically significant associations often lack evidence for causative relationships. We have identified a *DRD2* promoter SNP associated with enhanced expression (rs12364283) and two intronic *DRD2* SNPs bracketing exon6, rs2283265 and rs1076560, which reduce D2S formation.^[@bib33]^ Occurring in high linkage disequilibrium (LD) (minor allele frequency (MAF) ∼18% in Caucasians), the two intronic SNPs were significantly associated with cognitive processing^[@bib33]^ and risk of death in heavy cocaine abusers, with an odds ratio (OR) of ∼3.^[@bib1]^ Risk was not significantly elevated in African American subjects, suggesting the presence of epistasis involving other genes. Similarly, *DAT* harbors numerous polymorphisms, but evidence for true *in vivo* functionality was limited. A frequent intron8 5/6-repeat (rs3836790) inserted into reporter gene constructs was found to affect expression *in vitro*, which is further modulated by cellular signaling including cocaine stimulation,^[@bib29],\ [@bib30]^ with the 6-repeat allele identified as a risk factor in cocaine abuse.^[@bib29]^ We have shown that the intron8 5-repeat is associated with reduced DAT mRNA levels in human substantia nigra; however, exon9 rs6347 is in high LD with the 5/6-repeat, and therefore, cannot be excluded as a contributor to altered expression.^[@bib24]^ Moreover, the 3′-UTR SNP rs27072 (MAF ∼18%) affects DAT mRNA expression and translation, the latter regulated by the overall DAT mRNA level---a mechanism that may involve microRNA regulation and translational control.^[@bib24]^ No evidence was obtained for a regulatory role of the 3′-UTR 9/10 repeat (rs28363170),^[@bib24]^ frequently used in clinical association studies with variable results.^[@bib28],\ [@bib32]^ In an analysis of both *DAT* and *DRD2* polymorphisms, Kazantseva *et al.*^[@bib34]^ found that each was associated with personality traits, but their study was not guided by molecular genetic evidence in the selection of variants and failed to address gene--gene interactions.

Given the direct physical interaction between D2S and DAT protein, and the presence of frequent validated regulatory variants in each locus, we asked whether a gene--gene interaction affects risk of cocaine-induced death, and in comparison, DAT protein expression. Heavy cocaine exposure was shown to cause a substantial upregulation of DAT protein and function measured in human brain autopsies,^[@bib35]^ a process likely affected by regulatory *DRD2* and *DAT* variants. Our results reveal a strong gene--gene--environment interaction, affecting cocaine-induced death.

Materials and methods
=====================

Post-mortem human brain tissues
-------------------------------

Prefrontal cortex (PFC, Brodmann\'s area 46) and ventral putamen tissues from cocaine abusers who died from cocaine intoxication and age-matched drug-free controls were provided from an archived biorepository (University of Miami, Miami, FL, USA), as described.^[@bib1]^ Cocaine abusers with cocaine-related deaths were subjects of medicolegal investigations conducted by forensic pathologists, with cocaine levels, circumstances of death, and other toxicological data available.^[@bib36]^ The samples consisted of 126 cases (cocaine intoxication deaths) and 99 control subjects (non-drug related death). The average age was 36 (s.d. 11) for the controls, 37 (s.d. 10) for the cases, with 86% males in each group. Overall, there were 143 whites (Caucasians and Hispanics), 81 African Americans and 1 Pacific Islander.

Brain and blood toxicology were positive for cocaine and metabolites for each case, and most of the drug-exposure cases had several surrogate measures of chronic cocaine abuse (drug-related pathology, arrest records, hospital and treatment admissions). Drug-free age-matched control subjects were selected from accidental or cardiac sudden deaths with negative urine screens for all common drugs, with no history of psychiatric disorders or licit or illicit drug use prior to death.

Genotyping methods
------------------

DNA was extracted from all tissues as described.^[@bib33]^ Three *DRD2* and four *DAT* variants (SNPs and repeat polymorphisms) ([Table 1](#tbl1){ref-type="table"}) were genotyped using several methods: rs27072 and rs6347 were genotyped by SNaPshot (Life Technologies, Carlsbad, CA, USA), rs12364283 was genotyped with allele-specific PCR, while rs2283265 and rs1076560 were genotyped via modified PCR-restriction fragment length polymorphism (RFLP) methods.^[@bib1],\ [@bib24],\ [@bib33]^ Repeat polymorphisms in *DAT* were PCR amplified with fluorescently labeled primer pairs, followed by analysis on an ABI 3730 sequencer (Life Technologies).^[@bib24]^ The location of the polymorphisms in *DRD2* and *DAT* is shown in [Supplementary Figure 1](#sup1){ref-type="supplementary-material"}.

Statistical methods
-------------------

### Case control analysis

Logistic regression was used to analyze the association between cocaine-induced death and seven functional variants. The initial interest was to study the effect of each variant individually, with the ultimate goal of modeling gene--gene interactions. Single variant models were fit using three genetic models (additive, recessive and dominant), and the likelihood ratio test (LRT) was used to test significance. Age, gender and race were examined for confounding influence, using the criterion of a change in log-OR \>15%, for any variant significant at level 0.20. Interactions with race were considered for all variants and were tested using significance level 0.02.^[@bib37]^ Candidates for two-variant interaction models were those significant at level 0.20; a conservative cutoff selected as we hypothesized that variants with only marginally significant effects themselves may still have the capacity to exert strong epistatic interactions. This approach follows conventional model building strategies. Each candidate variant was tested for interaction with all variants using a more-stringent final significance level of 0.02. Dominant models were used to accommodate less frequent variants. The role of race was also examined in each final interaction model. However, the number of independent genetic variants that entered the final analysis was rather small, as *DAT* rs6347 and intron8 rs38366790 are in high LD, as are *DRD2* rs2283265 and rs1076560, whereas *DRD2* rs12364283 promoter SNP was too infrequent to yield robust results. Having intermediate allele frequency, *DAT* rs27072 was considered independently, particularly in the context of *DAT* haplotypes, whereas our previous results had failed to assign a regulatory function to the 9/10 repeat rs28363170; for comparison to earlier studies, the 9/10 repeat was included here as well.

Measured genotypes were lacking in a few samples ([Table 2](#tbl2){ref-type="table"}), assumed missing completely at random, and available-case analysis was implemented to reflect all available data.^[@bib38]^ STATA 11 (StataCorp LP, College Station, TX, USA) was used for statistical analyses.

### Haplotype analysis

Haplotype frequencies of *DAT* variants (rs6347, intron8 rs38366790, rs27072, 9/10 repeat rs2836317) were estimated using the EM algorithm separately by race, and case status, with both STATA\'s haplologit command and R\'s haplo.em (haplo.stats package from R software; <http://cran.r-project.org/>). R\'s haplo.stats package served to estimate posterior probabilities of diplotypes. STATA\'s haplologit command^[@bib39]^ was used to model the association between haplotypes and case status, accounting for variability in haplotype frequency estimates and using the appropriate likelihood when the covariates are measured with error.^[@bib39]^

### Analysis of *DRD2* and *DAT* variant effects on DAT Bmax activity

Ventral putamen tissue was employed for the following assays as this brain region has been shown to have a high density of DAT protein.^[@bib40]^ Striatal DAT Bmax (pmol g^−1^ tissue wet weight) levels were previously obtained from Scatchard plots using \[^3^H\] carboxyfluorotropane (WIN 35 428)^[@bib35],\ [@bib41]^ in ventral putamen tissues from 65 subjects of the 225 total cases and controls. Estimated *K*~d~ values did not differ significantly across individuals and treatment, and therefore were not included with the analysis. Of the 32 cases and 33 controls, 28 males were in each. Caucasians accounted for 20 cases and 25 controls. Linear regression models served to analyze predictors of *B*~max~ (pmol g^−1^), to test two-variant effects on *B*~max~ (pmol g^−1^) levels as done with case-control status. Effects may exist in cases but not in controls, and thus models were built separately within each. Significance of variables was assessed by LRT *P*-values. Model assumptions were checked via normal quantile plots and plotting the residuals versus fitted values.

Results
=======

Analysis of *DRD2* and *DAT* variants
-------------------------------------

We genotyped three *DRD2* and four *DAT* variants ([Table 1](#tbl1){ref-type="table"}; [Supplementary Figure 1](#sup1){ref-type="supplementary-material"}) in the Miami cohort of 126 cases (deaths due to cocaine intoxication) and 99 controls, as described in Moyer *et al.*,^[@bib1]^ but employing a slightly larger number of subjects. Allele frequencies are provided in [Supplementary Table 1](#sup1){ref-type="supplementary-material"}, and LD values are in [Supplementary Table 2](#sup1){ref-type="supplementary-material"}, showing substantial differences between Caucasians and African Americans. *DRD2* splicing variant rs2283265 (and rs1076560 having nearly identical frequencies) and promoter SNP rs12364283 were less frequent in African Americans (7.0 versus 18% and 1.4 versus 8.2%, respectively). In contrast, the 5-repeat of *DAT* rs3836790 was more prevalent in African Americans (66 versus 25%). Being in LD with rs3836790, *DAT* rs6347 has similar distributions ([Supplementary Table 2](#sup1){ref-type="supplementary-material"}). The 3′UTR variant rs27072 was nearly equal in frequency in Caucasians and African Americans (MAF 15 and 17%, respectively), while the 9-repeat of rs28363170 was more frequent in Caucasians than African Americans (30 versus 22%).

Single variant cocaine case-control associations
------------------------------------------------

Logistic regression results were obtained for each variant under dominant, recessive and additive genetic models. For assessment of the less frequent *DRD2* rs12364283 promoter variant, the study group is too small for achieving sufficient power even for a large effect size, whereas the recessive model did not yield significant results for any variant, suggesting that each allele contributes to the effect sizes observed. As reported earlier,^[@bib1]^ both *DRD2* rs1076560 and *DRD2* rs2283265 (G\<T) are significantly associated with odds of cocaine-induced death ([Table 2](#tbl2){ref-type="table"}). With both in high LD (*r*^2^ 0.94, [Supplementary Table 2](#sup1){ref-type="supplementary-material"}), we selected only *DRD2* rs2283265 for further analysis. *DRD2* rs2283265 was significant for both dominant and additive models (crude OR 2.3, 2.2; *P*=0.012, 0.005, respectively). Interpretation of the dominant model indicates minor T-allele carriers have 2.3 times the odds of cocaine-induced death than GG carriers. The interaction with race is significant for the dominant model (*P*=0.015), which estimates an OR of 4.1 for Caucasians (*P*=0.0003), but a non-significant OR for African Americans (OR 0.57, *P*=0.41). The T allele appears to present a large risk only in Caucasians, as reported.^[@bib1]^ Similar results were obtained with the additive model ([Table 2](#tbl2){ref-type="table"}).

None of the *DAT* variants reached level *P*=0.05 significance ([Table 2](#tbl2){ref-type="table"}). The intron8 5-repeat (rs3836790) might incur slight risk according to either a recessive (not shown) or additive model (OR 1.9, 1.3; *P*=0.077, 0.08, respectively). Adjusting for race decreases the log-odds by 16%, which removes any indication of an association (*P*=0.2, additive). However, intron8 5/6-repeat allele frequency is associated with race, with African Americans having a higher frequency of the 5-allele (consistent with HapMap data). To prevent problems with colinearity, and as race is not significantly associated with case-status, it was removed from the model. This will be discussed further in the interaction models.

The *DAT* variant rs28363170 (9/10-repeat) failed to show significant associations and was not further considered here, consistent with our previous results showing no regulatory effects of rs28363170.^[@bib24]^

Two-variant interaction models in assessing risk of cocaine-related death
-------------------------------------------------------------------------

The main candidates selected for two-variant interaction models (univariate level 0.20 significance) are *DRD2* rs2283265 and intron8 5/6-repeat (rs3836790). Each was uniquely tested for interacting with all other variants, using dominant genetic models to accommodate less frequent alleles. *DRD2* rs2283265 significantly interacted with *DAT* intron8 5/6 repeat (rs3836790) ([Table 3a](#tbl3){ref-type="table"}). The interaction model with *DRD2* rs2283265 and *DAT* intron8 5/6-repeat (rs3836790) yielded a significant improvement over the main-effects-only model (LRT *P*=0.007) and was significantly better than the naive model (*P*=0.0015). The OR of cocaine-induced death associated with rs2283265 varies strongly with intron8 genotype ([Table 3b](#tbl3){ref-type="table"} and [Figure 1a](#fig1){ref-type="fig"}). In carriers homozygous for the main intron8 6-repeat allele of *DAT*, the *DRD2* rs2283265 OR is 7.5 (*P*=0.0008, the minor T allele being the risk factor), in contrast to only 2.3 when considering *DRD2* alone ([Table 2](#tbl2){ref-type="table"}). Applied only to Caucasians in whom the risk allele combination occurs considerably more frequent than in African Americans, the OR is 6.7 (*P*=0.002; data not shown), compared with 4.1 for Caucasians when only considering *DRD2* ([Table 2](#tbl2){ref-type="table"}). Conversely, in the presence of the intron8 5-repeat allele, the OR for rs2283265 did not differ significantly from unity (OR 1.1, *P*=0.84; [Table 3b](#tbl3){ref-type="table"}). Therefore, the *DAT* intron8 6-repeat appears to potentiate risk conveyed by the *DRD2* rs2283265 T allele, whereas the 5-repeat was protective (the predominant allele in African Americans).

The effect of *DAT* intron8 5/6 repeat is illuminated by examining the ORs when accounting for different *DRD2* rs2283265 genotypes. Although the intron8 5/6 repeat considered alone does not have a significant OR ([Table 2](#tbl2){ref-type="table"}), the 5-repeat allele appears to convey significant risk among homozygous carriers of the major rs2283265 G allele (OR 2.1, *P*=0.02; [Table 3b](#tbl3){ref-type="table"}), and is possibly protective among carriers of the minor rs2283265 T allele (OR 0.3, *P*=0.08; [Table 3b](#tbl3){ref-type="table"}).

Race was not significantly associated with case status in the *DAT* intron8 5/6 repeat versus *DRD2* rs2283265 interaction model (*P*=0.33), though it did dampen the effect of intron8, as seen in the univariate models. With race in the model, the interaction *P*=0.01. The OR for *DRD2* remained the same (7.5, *P*=0.0008), but intron8 was no longer as strong a risk factor (OR 1.8, *P*=0.1). One could argue that only one variable (intron8 or race) is needed in the model. Since the interaction with intron8 is stronger than the interaction with race, intron8 belongs in the model. The interaction with race could be the result of the high frequency of the 5-repeat allele for intron8, and thus intron8 genotype explains why the interaction with race was significant. The race--gene--gene interaction was non-estimable.

Interactions between *DRD2* rs2283265 and *DAT* rs6347 A\>G followed a similar pattern, albeit with somewhat lower significance and effect size ([Supplementary Table 3](#sup1){ref-type="supplementary-material"}). The 3-way race--gene interaction was estimable, though insignificant (*P*=0.13). When the rs2283265-rs6347 model was fit in only Caucasians, the *DRD2* OR was 10.2 among subjects homozygous for the A allele (*P*=0.003), the one instance where rs6347 had a stronger role. Owing to relatively high LD between *DAT* rs6347 and intron 8 5/6-repeat (*D*′=∼0.8, *r*^2^=0.56, [Supplementary Table 2](#sup1){ref-type="supplementary-material"}), we cannot ascertain whether rs6347 has independent effects.

Haplotype-associated risk in African Americans
----------------------------------------------

The finding of possible risk of cocaine-related death associated with *DAT* 3′UTR rs27072 with potentially opposite effects in Caucasians and African Americans ([Table 2](#tbl2){ref-type="table"}; but lacking nominal significance) prompted analysis of haplotype structures. Haplotype frequencies estimated from the four *DAT* variants (rs6347, intron8, rs27072, 9/10 repeat), stratified by case status and race ([Supplementary Table 4](#sup1){ref-type="supplementary-material"}) demonstrate substantial differences between Caucasians and African Americans, and between cases and controls for haplotype 2221 (1=major allele, 2=minor allele) in African Americans. The 2221 haplotype frequency was estimated to be 16% among the 50 cases, but \<0.001% among the 31 controls ([Supplementary Table 4](#sup1){ref-type="supplementary-material"}).

Further analysis focused on 2-allele *DAT* haplotypes employing the intron8 5/6-repeat and rs27072 ([Table 4](#tbl4){ref-type="table"}). Haplotype frequencies were not significantly associated with case status in Caucasians (haplologit analysis, results not shown). Among African Americans, the haplotype consisting of the intron8 5-repeat and the rs27072 minor allele (5-repeat and T allele, 22-haplotype) reached an estimated frequency of 19% in cases, with \>1/3 of the cases being carriers, but was 0% in the controls ([Table 4](#tbl4){ref-type="table"}), preventing modeling the effect of the haplotype using haplologit. Eleven subjects had three or more minor alleles resulting in unambiguous phasing with at least one copy of the 22-haplotype, all of whom were cases. Of the 11 subjects with ambiguous phasing (1 minor allele at each variant), 7 were cases and 4 were controls. These results yield a posterior probability for diplotype 11/22 (6C/5T) of 0.80 for the 7 ambiguous cases, but 0 for the controls.

If one ignores phasing of the 2-variant haplotype and only considers the number of minor alleles for each African American, the OR for cocaine related death is 11.6 comparing three or more minor alleles with less than three alleles (*P*=0.006, exact logistic regression). Comparing instead three or more minor alleles with less than two, we obtain an OR of 2.25 (exact *P*=0.086). This result indicates that the intron8 5-repeat and rs27072 T alleles must be in phase on the same haplotype to convey strong risk (22-haplotype).

Effects of *DRD2* and *DAT* variants on DAT protein expression in ventral putamen
---------------------------------------------------------------------------------

Striatal dopamine transporter *B*~max~ values were obtained from previous \[^3^H\] WIN 35 428 experiments.^[@bib35],\ [@bib41]^ DAT *B*~max~ levels increased substantially in cocaine abusers (49 pmol g^−1^ tissue in cases versus 10 pmol g^−1^ in controls; two-sided unequal variance *t*-test, *P*=1.5e-09) ([Figure 1b](#fig1){ref-type="fig"}, [Supplementary Table 6A](#sup1){ref-type="supplementary-material"}). Owing to the large *B*~max~ differences between cocaine abusers and controls, genotype models were formed separately within each subgroup, also coinciding with a prior hypothesis that effects would differ. Among the *DRD2* and *DAT* variants, only *DAT* rs3836790 (intron8 5/6-repeat) showed association with *B*~max~ levels ([Supplementary Table 6B](#sup1){ref-type="supplementary-material"}). In cases, the estimated coefficient is −24.9 (s.e. 9.6, *P*=0.009); in controls, the estimated coefficient is −2.99 (s.e. 1.6, *P*=0.07). For this measure, the DAT 9/10 repeat also showed significance, but only in controls (*β*=3.6, s.e. 1.6, *P*=0.024).

Analyzing interactions between *DRD2* rs2283265 and *DAT* rs3836790 or rs6347, separately in cases and controls, no significant interactions were detectable in the controls (*P*=0.22 and 0.51, respectively). In contrast, significant interactions were observed in the cases for both rs3836790/rs2283265 (interaction LRT *P*=0.028; overall LRT *P*=0.016; *R*^2^ 31%) and rs6347/rs2283265 (interaction LRT *P*=0.019; overall LRT *P*=0.088, *R*^2^ 20%). Interaction estimates indicate that among cases lacking the 5-repeat allele at intron8, those with the minor T allele at rs2283265 have 31 pmol g^−1^ less *B*~max~ than non-carriers of the T allele (*P*=0.054). Among cases homozygous for the main G allele at rs2283265, those with the minor 5-repeat at intron8 have 41 pmol g^−1^ less *B*~max~ than non-carriers of the intron8 5-repeat, on average (*P*=0.002, [Supplementary Table 6C](#sup1){ref-type="supplementary-material"}).

For the rs6347 interaction model, among cases homozygous for the main A allele at rs6347, those with the minor T allele at rs2283265 have 28 pmol g^−1^ less *B*~max~ than non-carriers of the T allele (*P*=0.09, [Supplementary Table 6D](#sup1){ref-type="supplementary-material"}). Among cases homozygous for the main G allele at rs2283265, those with the minor G allele at rs6347 have 25 pmol g^−1^ less *B*~max~ than non-carriers of the rs6347 G allele, on average (*P*=0.024). It appears that the *DRD2* rs2283265 interaction with either *DAT* variant is similar, with only a few subjects with discrepant genotypes.

To compare these results on protein activity with the outcomes ORs of the *DAT--DRD2* interaction, we plotted the *DRD2* rs2283365 ORs for cocaine--related death along with the protein effects in [Figure 1](#fig1){ref-type="fig"}, grouped by *DAT* genotype, showing a reciprocal relationship. The relationship between B~max~ (pmol g^−1^) and *DAT* allele status changed significantly, and in opposite directions, depending on the rs2283265 genotype among case subjects, a mirror image of what is observed with cocaine-related risk ORs. The relationship between *DAT* haplotypes and DAT expression cannot be statistically analyzed, with *B*~max~ values for only three-haplotype 22 carrier subjects available.

Discussion
==========

The results of this study reveal a profound interaction between regulatory polymorphisms in the genes encoding the D2 dopamine receptor and the dopamine transporter, in the context of cocaine abuse and death as a result of the abuse. These two key proteins physically bind to each other in the presynaptic terminal and are thought to modulate each other\'s functions.^[@bib21],\ [@bib22],\ [@bib23],\ [@bib25]^ Expressed presynaptically, the D2S receptor splice isoform interacts with DAT and stabilizes it in the plasma membrane,^[@bib21],\ [@bib22]^ so D2S levels influence the level of functional DAT that is localized to the cell membrane. We now demonstrate that the lethal cocaine risk previously shown to be conferred by intronic *DRD2* SNP rs2283265, which reduces D2S formation,^[@bib1]^ is strongly enhanced from ∼3  to ∼7 in subjects homozygous for the major alleles of *DAT* variants rs3836790 (intron8 5/6-repeat) or rs6347 (exon9), even though these *DAT* variants had no significant effect when considered alone. In contrast, no significant risk was apparent for *DRD2* rs2283265 in carriers of the *DAT* intron8 minor 5-repeat allele. We conclude that the 6-repeat potentiates, whereas the 5-repeat blunts the impact of the *DRD2* rs2283265 risk allele. In a mirror image, the minor *DAT* intron8 5-repeat turned into a risk allele (OR=2.1; *P*=0.02) ([Table 3b](#tbl3){ref-type="table"}) in homozygous carriers of the major *DRD2* rs2283265 G allele. Conversely, the risk conveyed by a single minor allele in either one gene is counterbalanced by the presence of a minor allele in the other gene.

The role of interracial differences
-----------------------------------

The interactions between the *DAT* and *DRD2* variants can account for our previous observation that the minor *DRD2* rs2283265 allele did not seem to be a risk factor in African Americans. In this population, the rs2283265 risk allele has low frequency (7%), whereas the protective intron8 5-repeat and the minor rs6347 allele are more abundant (∼66 and 58%, respectively). The model calculations suggest that race does not have a significant role if one accounts for these large allele frequency differences, suggesting that the *DRD2/DAT* interaction has similar effects regardless of genetic background. Although our results support the hypothesis that the *DRD2* and *DAT* variants have similar effects regardless of race, a larger cohort is needed to address this question further.

Effects of *DRD2-DAT* variants on DAT protein activity
------------------------------------------------------

The elevated DAT protein activity, measured as ligand binding *B*~max~, observed in the ventral putamen of cocaine abusers also appear to fall under the influence of interactions between *DAT* rs3836790 (rs6347 gave with similar results) and *DRD2* rs2283265. The minor *DRD2* T allele of rs2283265 correlated with a significant reduction in DAT *B*~max~ in homozygous carriers of the main 6-repeat allele of *DAT* intron8 rs3836790, whereas the 5-repeat allele correlated with a significant reduction in the context of the major *DRD2* rs2283265 G allele ([Figure 1b](#fig1){ref-type="fig"}, [Supplementary Table 6C](#sup1){ref-type="supplementary-material"}). The finding of a reciprocal genotype effect on DAT protein levels in cocaine abusers strengthens the hypothesis that these variants affect risk of cocaine abuse/death. Therefore we need to consider what is known about these genetic variants at present, regarding regulation of gene expression.^[@bib24],\ [@bib30]^

In *DRD2*, we focused here only on splicing SNP rs2283265, which is in high LD with and therefore also represents rs1076560, whereas the promoter variant rs1076560 had insufficient allele frequency for analysis. Cocaine exposure did not appear to affect the influence of rs2283265 on splicing, arguing against a cocaine-genotype effect involving D2S and D2L formation.^[@bib1]^ Nevertheless, a dynamic interaction with DAT at the protein level is feasible as rs2283265 reduces D2S formation, which binds to DAT presynaptically.^[@bib24]^ With regards to *DAT*, the intron8 5-repeat mediates higher DAT minigene expression *in vitro* than the 6-repeat, displaying even higher expression when the cells are treated with cocaine.^[@bib29],\ [@bib30]^ Similarly, the minor allele of rs6347 was also associated with increased expression in a cell culture model but it remains uncertain whether rs6347 has an independent effect *in vivo*.^[@bib24]^ In human brain tissues, however, both the 5-repeat allele and the rs6347 minor allele are associated with lower DAT mRNA expression in human substantia nigra (without cocaine treatment).^[@bib24]^ Previous work has shown that DAT protein activity, measured by DAT binding site densities and functional uptake, is upregulated by cocaine exposure,^[@bib35],\ [@bib41],\ [@bib42],\ [@bib43],\ [@bib44],\ [@bib45]^ whereas mRNA levels remained constant in one study,^[@bib45]^ suggesting regulation at the level of mRNA processing, translation and increased trafficking of DAT to the membrane to compensate for rapid shifts in dopamine in the synaptic cleft with cocaine abuse. These findings are not incompatible as the regulatory variants considered here operate at the level of RNA processing and possibly translation, so that overall mRNA levels and localized or distal DAT protein levels can differ substantially. Given the complex regulation of both DRD2 and DAT mRNA expression, and specifically processing and translation, further studies will be needed to reconcile earlier reports on DAT mRNA and protein levels under the influence of cocaine exposure.

The effect of *DAT* haplotype structure
---------------------------------------

*DAT* haplotypes could represent strong risk factors if two regulatory variants, the rs27072 SNP allele and intron8 5-repeat, are phased with each other on the same chromosome. *DAT* SNP rs27072 (3′UTR, MAF 15%), shown to be associated with bipolar disorder in one cohort,^[@bib24]^ regulates DAT expression *in vitro* in a fashion that strongly depends on extent of expression---at low levels, the DAT mRNA carrying the minor allele appears to be sequestered, possibly by microRNAs, unable to support translation, which is partly overcome at high expression levels.^[@bib24]^ Whether this dynamic mechanism has a role here cannot be tested as the effect size relative to MAF was insufficient for the study cohort to yield sufficient power. However, in the context of a haplotype with the intron8 5-repeat allele, it appears to represent a very strong risk factor for cocaine-related death. Owing to the increased allelic frequency of the 5-repeat in African Americans, there is greater opportunity for the haplotype consisting of the minor alleles of both the intron8 5/6-repeat and rs27072 (the 22 haplotype) to exist. We report here that the 22 haplotype occurred at a remarkable ∼19% frequency in African American former cocaine abusers (∼one in 3 subjects being carriers). Odds ratios are difficult to determine as the control group 22 haplotype frequency was estimated at 0% in our cohort (with some ambiguity in haplotype assignment in compound heterozygotes), indicating strong risk conveyed by the 22 haplotype ([Table 4](#tbl4){ref-type="table"}). We hypothesize that the *DAT* 22 haplotype could be exquisitely sensitive to environmental stimuli, such as excessive cocaine exposure, adding a two-variant interaction in a single gene to the *DAT--DRD2* gene--gene interaction model.

Possible mechanisms underlying the observed gene--gene--drug interactions
-------------------------------------------------------------------------

Several hypotheses might account for observed relationships between genotype, DAT protein levels and lethal cocaine exposure. One might speculate that upregulation of DAT activity caused by cocaine is a compensatory mechanism protecting against dopamine overload, whereas dampening DAT upregulation by the *DRD2/DAT* risk allele combinations could enhance availability of dopamine upon cocaine exposure and hence result in excessive dopamine overload and toxicity. On the other hand, the *DRD2--DAT* risk allele combinations could also affect the risk of cocaine abuse, and progression to heavy abuse. It is noted that genotype effects on DAT protein activity were also detectable in non-cocaine abusers, albeit with lesser effect size. Furthermore, one needs to consider DAT--D2 effects in peripheral tissues that have a role in cocaine-related death. The process underlying cocaine-related death remains to be clarified; whether epistatic *DRD2*--*DAT* interactions occur in peripheral neurons remains to be investigated.

Scope and limitations of the study
----------------------------------

This gene--gene--drug/environment interaction study was performed on a small group of cases and matched controls; strong statistical significance was attained because of the robust epistatic interaction between *DRD2* and *DAT* variants having demonstrable regulatory functions. Further studies will be needed to replicate these results and test under which other conditions this genetic interaction occurs. The study design further cannot distinguish between genetic effects on cocaine addiction, progression of abuse and death from cocaine exposure. Future studies must address the question whether the *DRD2--DAT* interactions also have a role in psychiatric disorders and in therapies with stimulant drugs or antipsychotics.

Summary
=======

Given the evidence for interactions between *DRD2* and *DAT*,^[@bib20]^ we assessed the interaction of regulatory variants in DRD2 and *DAT*, identifying a significant interaction between rs2283265 and *DAT* variant rs3836790 (intron8 5/6 repeat), and/or possibly rs6437. In light of the evidence for the effects of rs2283265 on D2S/L splicing and for the effects of rs3836790 on *DAT* expression, the interaction between these two variants in the context of cocaine abuse reported here is striking. As drug addiction is thought to be a complex, multigenic disorder involving a large number of genes with low penetrance, the finding of a significant interaction between two genetic variants in plausible candidate genes points to epistasis as a mechanism with the potential to close a gap in the 'missing heritability\'.
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![Interaction model between *DRD2* rs2283265 and *DAT* rs3836790 (intron8 5/6-repeat) in the associations with odds of cocaine-induced death (Panel **a**) and DAT protein *B*~max~ activity (Panel **b**). Panel (**a**): Interaction model for cocaine-induced death. Odds ratios (ORs) were calculated for the minor vs major alleles of rs2283265 grouped by genotype of *DAT* rs3836790. Error bars are 95% confidence intervals, as listed in [Table 3b](#tbl3){ref-type="table"}. Panel (**b**): DAT *B*~max~ (pmol g^−1^) levels. Shown are the levels in cases and controls, grouped by genotype for *DRD2* rs228325 and separated by genotypes of *DAT* rs3836790 (intron8 5/6 repeat). Error bars are mean +/− s.d. (31 cases and 32 controls for intron8 5/6 repeat).](tp2012146f1){#fig1}

###### Polymorphisms of *DRD2* and *DAT* genotyped in this study

  ***Marker***         ***Gene***   ***Location***       ***Function***           ***MAF---All subjects***   **N**
  -------------------- ------------ -------------------- ------------------------ -------------------------- -------
  rs1076560 (G\>T)     DRD2         Intron6              Splicing                 14                         212
  rs2283265 (G\>T)     DRD2         Intron5              Splicing                 14                         222
  rs12364283 (A\>G)    DRD2         Promoter Region      Transcription            5.8                        206
  rs3836790 (6\>5)     DAT          Intron8 5/6 Repeat   Regulatory               39                         223
  rs6347 (A\>G)        DAT          Exon9                Potentially regulatory   39                         224
  rs27072 (C\>T)       DAT          3′UTR (Exon15)       Regulatory               15                         225
  rs28363170 (10\>9)   DAT          3′UTR 9/10 Repeat    Uncertain evidence       24                         223

For *DRD2* evidence describing the functions of each variant see Moyer *et al.* and Zhang *et al.*^[@bib1],\ [@bib33]^ For *DAT* evidence see Pinsonneault *et al.*^[@bib24]^ Genomic location of these variants is shown in [Supplementary Figure 1.](#sup1){ref-type="supplementary-material"}

###### Main effect of *DAT* and *DRD2* variants on the odds of cocaine-induced death

                          ***All subjects***   ***Caucasians***    ***African Americans***                                                                             
  -------- ------------- -------------------- ------------------- ------------------------- --------- -------------------- --------------- --------- ----------------- ---------------
  **GM**    **Variant**         **N**          ***OR (95% CI)***        **P*-value***        ***N***   ***OR* (*95%CI)***   **P*-value***   ***N***   ***OR 95%CI***    **P*-value***
  D          rs1076560           212             2.0 (1.0,3.8)              0.04               137       3.3 (1.5, 7.3)         0.002         74       0.5 (0.1,1.9)        0.29
  A                              212             1.8 (1.0,3.1)              0.03               137       2.5 (1.3,4.8)          0.004         74       0.7 (0.2,2.2)        0.50
  D          rs2283265           222             2.3 (1.2,4.5)              0.01               142       4.1 (1.8,9.2)         0.0003         79       0.6 (0.1,2.2)        0.41
  A                              222             2.2 (1.2,3.9)              0.005              142       3.3 (1.6,6.8)         0.0002         79       0.7 (0.2,2.4)        0.62
  D         rs12364283           206            1.4 (0.6, 3.4)              0.49               134       1.3 (0.5,3.4)          0.59          69            ---              ---
  A                              206             1.3 (0.6,2.8)              0.58               134       1.2 (0.5,2.8)          0.67          69            ---              ---
  D          rs3836790           223             1.4 (0.8,2.4)              0.22               143       1.1 (0.6,2.1)          0.84          79      2.4 (0.5, 11.4)       0.28
  A                              223             1.4 (1.0,2.0)              0.08               143       1.1 (0.6,1.8)          0.83          79       1.9 (0.9,3.9)        0.10
  D           rs6347             224             1.2 (0.7,2.0)              0.57               143       0.9 (0.5,1.8)          0.84          80      1.2 (0.4, 4.3)        0.75
  A                              224             1.2 (0.8,1.7)              0.42               143       0.9 (0.6,1.6)          0.80          80       1.3 (0.6,2.5)        0.51
  D           rs27072            225             1.0 (0.5,1.8)              0.93               143       0.6 (0.3,1.2)          0.16          81      2.3 (0.8, 6.8)        0.10
  A                              225             1.1 (0.6,1.8)              0.81               143       0.6 (0.3,1.3)          0.19          81       2.4 (0.9,6.3)        0.06
  D         rs28363170           223             0.8 (0.5,1.3)              0.39               143       0.9 (0.5,1.8)          0.81          79      0.6 (0.2, 1.5)        0.29
  A                              223             0.8 (0.6,1.3)              0.43               143       0.9 (0.6,1.5)          0.77          79       0.7 (0.3,1.6)        0.40

Each variant was fit under three genetic models (GM): dominant, additive and recessive. The dominant (D) and additive (A) models gave comparable results, and are shown above, whereas the recessive model did not yield significant associations. Results for rs12364283 were not estimable in African Americans.

###### Interactions between *DRD2* rs2283265 (intron5) and *DAT* rs3836790 (intron8 5/6-repeat) affecting odds of cocaine-induced death

                                ***Coefficient (95% CI)***   ***Wald* P*-value***
  ---------------------------- ---------------------------- ----------------------
  \(a\)                                                                
  Intercept                        −0.42 (−0.90, 0.09)              0.109
  *Main effects*                                                       
   rs2283265 ((GT,TT) vs GG)          2 (0.83, 3.2)                 0.0008
   rs3836790 ((56,55) vs 66)         0.76 (0.12, 1.4)               0.019
  *Interaction*                                                        
   rs2283265\*rs3836790             −1.9 (−3.4, −0.52)               0.01

  ---------------------- ------------------ ------------------- ---------------
  ***Fixed genotype***   ***Comparison***   ***OR (95% CI)***   **P*-value***
  \(b\)                                                          
  *DAT* rs3836790        *DRD2* rs2283265                        
   66                     (GT,TT) vs GG     7.5 (2.3, 25)       0.0008
   56,55                  (GT,TT) vs GG     1.1 (0.46, 2.6)     0.84
  *DRD2* rs2283265       *DAT* rs3836790                         
   GG                     (56,55) vs 66     2.1 (1.1, 4.0)      0.02
   GT,TT                  (56,55) vs 66     0.3 (0.08, 1.2)     0.08
  ---------------------- ------------------ ------------------- ---------------

\(a\) The logistic regression model indicates a significant interaction term (Wald *P*-value 0.010; LRT *P*-value 0.007) showing that the effect of *DRD2* rs2283265 changes with regard to the genotype of *DAT* rs3836790, and vice versa.

\(b\) Calculated odds ratios and corresponding confidence intervals obtained through linear combinations of the regression coefficients, for the interaction between *DAT* rs3836790 and *DRD2* rs2283265.

###### Two-variant *DAT* haplotype frequency distributions, by race

  ***Haplotype***   ***Caucasians***   ***African Americans***                        
  ----------------- ------------------ ------------------------- ------ ------ ------ ------
  11 (6C)           0.63               0.63                      0.63   0.32   0.27   0.33
  12 (6T)           0.13               0.12                      0.13   0.03   0.02   0.10
  21 (5C)           0.23               0.25                      0.20   0.53   0.52   0.58
  22 (5T)           0.01               0                         0.04   0.12   0.19   0

Haplotypes of *DAT* rs3836790 (intron8 5/6-repeat) and *DAT* rs27072 (3′UTR) were estimated using the EM algorithm, stratified by race, then by case-control status.
